Spermiogenesis is a complex process consisting of three main phases: the round, elongating, and elongated spermatid phases. Although the germ cells acquire a haploid set of paternal chromosomes after meiosis, how functional these male haploid germ cells are as male gametes at various differentiation stages has remained unclear. We selectively injected specific steps of haploid male germ cells into oocytes and assessed the function of the zygotes. Applying the transillumination technique using acrosin-green fluorescent protein transgenic mice, we succeeded in selecting four types of haploid male germ cells for microinsemination: early round spermatids (steps 2-3), late round spermatids (steps 7-8), elongating spermatids (steps 9-10), and elongated spermatids (step 16). The microinsemination technique revealed that the early and late round spermatids had similar developmental abilities in producing progeny, indicating that the nuclear status of newly generated round spermatids was similar to that of late round spermatids. An increased birthrate of progeny was first observed in steps 9-10 of elongating spermatids, but the frequency was slightly lower than that of the elongated spermatids. These results indicated that the transition from steps 7-8 of round spermatids to steps 9-10 of elongating spermatids is a key step in changing the nuclear status of male gametes in producing progeny.
INTRODUCTION
Spermatogenesis is a highly regulated process occurring in the seminiferous tubules, where morphologic alternations lead to the formation of differentiated sperm [1] . This process can be subdivided into three main phases: spermatogonial proliferation, meiosis of spermatocytes, and spermiogenesis of haploid spermatids [1] . During spermiogenesis, haploid round spermatids enter the elongation phase, in which a germ cell is transformed and the majority of somatic histones are replaced, first by transition proteins and then by protamines, packing the DNA in the sperm cell nucleus (for a review, see Sassone-Corsi [2] ). In mice, spermiogenesis can be classified into three phases consisting of 16 stages of spermatids [3] : round spermatids (steps [1] [2] [3] [4] [5] [6] [7] [8] , elongating spermatids (steps [9] [10] [11] [12] , and elongated spermatids (steps [13] [14] [15] [16] .
Recent advances in animal and human assisted reproduction techniques have allowed the fertilization of immature haploid male germ cells by directly injecting them into oocytes; the microinsemination technique using round spermatids is also called ''round spermatid injection'' (ROSI; for a review, see Ogura et al. [4] ). To date, live offspring produced using round spermatids have been reported in several species, including mice [5, 6] , rats [7] , hamsters [8] , mastomys [9] , rabbits [10, 11] , and even in humans [12] , providing the possibility of generating offspring even from immature haploid germ cells. However, the birthrates of embryos produced using round spermatids appear to be lower than those of embryos produced using testicular or epididymal spermatozoa [6, 7, 9, 11] . Although several studies have reported that ROSI embryos showed some abnormalities in gene expression [13] or epigenetic modifications [14] , whether these changes were caused by or were a consequence of the low ability of ROSI embryos remains unclear. As described above, round spermatids are classified into eight steps in mice, suggesting functional differences among them. To clarify the precise developmental ability of ROSI embryos, selective injection of specific steps of round spermatids may prove effective, because a possibility exists that the injection of early-stage round spermatids is the cause of the abnormal development of ROSI embryos. To our knowledge, however, no report has addressed this issue, not least because the identification of specific steps of round spermatids is considered difficult in conventional ROSI experiments using a crude testicular cell suspension [4] .
The light absorption pattern of seminiferous tubules correlates with the defined stages of the spermatogenic wave, making it possible to isolate specific stages on the basis of their transillumination properties [15, 16] . In mice, spermatogenic stages can be classified into 12 stages (I-XII), and each stage contains only certain cell types in specific combinations [17] . Thus, a testicular cell suspension containing specific steps of round spermatids can be prepared using the transillumination technique. Additionally, we previously established a green fluorescent protein (GFP) transgenic mouse line [18] using pCAG-EGFP [19] and Acr3-EGFP [20] : the former for expressing GFP ubiquitously [21] , and the latter for localizing GFP in the acrosome [20] . Green fluorescent protein localizes in the acrosome from step 2 of round spermatids to the final, differentiated epididymal sperm [22] , which enables haploid germ cells to be distinguished from other germ or somatic cells during ROSI. Thus, the transillumination technique using GFP transgenic mice can allow injection of precise steps of haploid germ cells into oocytes, because the use of both the technique and the material is possible in the living state.
In the present study, we classified haploid germ cells into four types: early (steps 2-3) and late (steps 7-8) round spermatids, elongating spermatids (steps 9-10), and elongated spermatids (step 16) via the transillumination technique using GFP transgenic mice. The developmental ability of embryos injected with each haploid male germ cell was determined to assess the function of these haploid male germ cells.
MATERIALS AND METHODS

Mice
BDF1 and ICR mice were purchased from SLC (Hamamatsu, Japan). C57BL/6-GFP transgenic mice (Tg(Acr-,CAG-EGFP)N01Osb; hereafter, acrosin-GFP transgenic mice) were kindly provided by Dr. Masaru Okabe (Osaka University, Osaka, Japan) [18] . All animal experiments conformed to the Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Committee on Laboratory Animal Experimentation of the RIKEN Kobe Institute.
Preparation of the Testicular Cell Suspension Containing Spermatids of Specific Steps
A testicular cell suspension containing specific steps of spermatids was prepared from seminiferous tubules isolated via the transillumination technique [15, 16] . Briefly, testes of acrosin-GFP transgenic or BDF1 mice were decapsulated in physiological-buffered saline (PBS), and the specific stages of seminiferous tubules were isolated using the transillumination technique. In this study, haploid germ cells were classified into four types: early (steps 2-3) and late (steps 7-8) spermatids, elongating spermatids (steps 9-10), and elongated spermatids (step 16). For this procedure, seminiferous tubules of specific stages were collected for microinsemination: seminiferous tubule fragments of stages II-III for steps 2-3 of round spermatids, stages VII-VIII for steps 7-8 of round spermatids, step 16 of elongated spermatids, and stages IX-X for steps 9-10 of elongating spermatids. Five or six seminiferous tubule fragments (approximately 1 mm long) were isolated from the seminiferous tubules and placed in 5 ll PBS. To prepare the testicular cell suspension, seminiferous tubule fragments were minced using fine scissors and gently agitated with a micropipette. The testicular cell suspension was kept at 48C until microinsemination.
Microinsemination
Superovulation was induced in BDF1 females by injecting 5 IU equine chorionic gonadotropin, followed by a second injection of 5 IU human chorionic gonadotropin 48 h later. At 14 h after human chorionic gonadotropin injection, cumulus-oocyte complexes were collected from the oviducts. Oocytes were freed from cumulus cells by adding 0.1% bovine testicular hyaluronidase (ICN Biochemicals, Costa Mesa, CA) to the cumulus-ooctye complex-containing medium. After the cumulus cells had been dissociated, the oocytes were rinsed twice with Chatot, Ziomet, and Bavister (CZB) medium [23] .
Round spermatid injection was performed according the procedure described in a previous study [24] , with minor modifications. A testicular cell suspension (;2 ll) prepared from a specific stage of seminiferous tubules was mixed with a drop of Hepes-human tubal fluid medium containing 10% (w/v) polyvinylpyrrolidone (Irvine Scientific, Santa Ana, CA). For further confirmation, specific steps of round spermatids were determined under excitation light for GFP. Early (steps 2-3) and late (steps 7-8) round spermatids can be identified by their characteristic acrosome morphology: a dotlike fluorescence for the former and crescent fluorescence for the latter [22] . Similarly, elongating spermatids (steps 9-10) were determined based on their acrosome morphology. Elongated spermatids of step 16 also were collected under excitation light to avoid biases that might be caused by the absence of excitation light. Thus, using the transillumination technique and GFP transgenic mice we could isolate and precisely inject haploid germ cells of specific steps. The testicular cell suspension was replaced every 30 min during microinsemination. To activate oocytes that received round or elongating spermatids, they were placed in Ca 2þ -free CZB medium containing 10 mM SrCl 2 at 15-20 min after injection and then cultured for 1 h [24] . After activation, zygotes then were cultured in CZB medium at 378C under an atmosphere of 5% CO 2 . Oocytes that received elongated spermatids were only cultured after the injection, because the elongated spermatids had the ability to activate the oocytes. When the embryos reached the two-cell stage, they were transferred to the oviducts of 0.5 days after coitus pseudopregnant ICR females.
Assessment of Pronuclear-Stage Embryos
For 5-methyl-cytosine detection, zygotes were fixed with 4% paraformaldehyde (PFA) for 30 min at room temperature and washed with PBS containing 1% bovine serum albumin (BSA). Fixed zygotes were permeabilized with 0.2% Triton X-100 in PBS for 15 min at room temperature, treated with 2 N HCl at room temperature for 50 min, and then neutralized for 20 min in 100 mM TrisHCl buffer (pH 8.0) [25] . After washing with PBS containing 1% BSA, they were blocked in PBS containing 3% BSA for 1 h at room temperature. The zygotes were treated with an anti-5-methylcytidine monoclonal antibody (1:200; catalog no. ab10805; Abcam, Tokyo, Japan) overnight at 48C and visualized with an Alexa Fluor-488 secondary antibody (Molecular Probes/ Invitrogen Corp., Carlsbad, CA).
For a quantitative analysis of pronuclear DNA methylation levels, fluorescence images were subjected to densitometric analysis using the ImageJ program from the National Institutes of Health (http://rsb.info.nih.gov/ij/). For each pronucleus, the relative intensity of methylation of the paternal genome was calculated as a percentage of the fluorescence intensity of the maternal genome.
Assessment of Blastocyst-Stage Embryos
The cell number of blastocysts was estimated by counting the total number of nuclei and the number of trophectoderm (TE) nuclei using propidium iodide (PI) staining and immunostaining for CDX2, respectively. The cell number of the inner cell mass (ICM) was roughly estimated as the total nuclei number minus the TE nuclei number (total À TE). Briefly, blastocysts cultured for 96 h after insemination were fixed with 4% PFA, washed with PBS containing 1% BSA, and incubated with an anti-CDX2 monoclonal antibody (1:200; BioGenex, San Ramon, CA). The primary antibody was visualized with goat anti-mouse IgG conjugated with Alexa Fluor 488 (Molecular Probes). After immunostaining for CDX2, blastocysts were incubated with PBS containing 1 lg/ml PI. Serial confocal images were taken using a fluorescence confocal microscope system [26] , and 3D images of blastocysts were reconstructed with the MetaMorph software (Universal Imaging Co., Downingtown, PA). Each of the more than 10 blastocysts was stained, and the cell number was counted to determine total (PI-positive) and TE (CDX2-positive) cell numbers. To examine POU5F1 (Oct3/4) expression, immunostaining using an anti-POU5F1 monoclonal antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA) was also performed following the same procedure used for CDX2 staining.
Statistical Analysis
Fisher exact probability test and Student t-test were performed using the data presented in the tables, and P , 0.05 was considered statistically significant.
RESULTS
Selective Injection of Haploid Male Germ Cells into Oocytes
In the present study, haploid male germ cells were classified into four types: early (steps 2-3) and late (steps 7-8) round spermatids, elongating spermatids (steps 9-10), and elongated spermatids (step 16; Fig. 1 ). To collect haploid germ cells of specific steps, seminiferous tubule fragments of stages II-III ( Fig. 2A) , VII-VIII (Fig. 2E) , and IX-X (Fig. 2I) were dissected from acrosin-GFP transgenic mouse testes; these fragments contained steps 2-3 ( Fig. 2, B-D) , steps 7-8 and 16 (Fig. 2, F-H) , and steps 9-10 ( Fig. 2, J-L) , respectively. Our previous study indicated that GFP localizes in the acrosome from step 2 of round spermatids to epididymal sperm in this GFP transgenic mouse line (Fig. 1) [22] .
We then injected spermatids of each set of steps into oocytes to assess their developmental ability. At 24 h after microinsemination, almost all injected oocytes developed into twocell-stage embryos, regardless of the type of haploid male germ cells injected ( Table 1 ), suggesting that immature haploid germ cells, such as early round spermatids, do not inhibit the initial cleavage of the embryo. Thus, we succeeded in isolating and injecting specific steps of spermatids via the transillumination technique using acrosin-GFP transgenic mice. 
Developmental Ability of Embryos Injected with Haploid Male Germ Cells of Various Differentiation Steps
Two-cell-stage embryos injected with haploid male germ cells were transferred into pseudopregnant females to assess their developmental ability. As shown in Table 1 , approximately 40% of oocytes injected with elongated spermatids developed to full term. The birthrate of oocytes injected with elongating spermatids was approximately 30% (Table 1) . Although no significant difference was observed between elongated and elongating spermatids (P ¼ 0.31), the birthrate of elongated spermatids may be slightly lower than that of elongating spermatids. The oocytes injected with late (steps 7-8) round spermatids developed to full term at approximately 20% frequency (Table 1) , which was significantly different from that of elongated spermatids (Table 1) . Moreover, we found that the oocytes injected with early (steps 2-3) round spermatids showed the same birthrate as those injected with late round spermatids ( Table 1) . No abnormal phenotype, body weight, placenta weight, or sex ratio was observed in the progeny from each experiment ( Table 2 ). These results indicated that early (steps 2-3) and late (steps 7-8) round spermatids apparently have the same functional ability as male gametes and that their function was enhanced at the elongation phase (steps 9-10).
DNA Methylation Status of Paternal Pronuclei after Insemination of Round, Elongating, and Elongated Spermatids
The microinsemination technique demonstrated that steps 7-8 and 9-10 of spermatids were functionally different (Table 1) . We next examined the methylation status of paternal pronuclei after the insemination of round (steps 7-8), elongating (steps 9-10), and elongated (step 16) spermatids. Consistent with a previous report [14] , DNA in paternal pronuclei was rapidly demethylated after the insemination of elongated spermatids (Fig. 3, A and D) , whereas hypermethylation was observed in the case of round spermatids (Fig. 3, C and D) . Note that we also found hypermethylation of paternal pronuclei after the injection of elongating spermatids (Fig. 3, B and D) , indicating that round and elongating spermatids resulted in a similar DNA methylation pattern after insemination (Fig. 3E) , although they may be functionally different.
In Vitro Development of Oocytes Inseminated with Haploid Male Germ Cells of Different Steps and the Assessment of Preimplantation Embryos by Immunostaining
Although we found that round spermatids were less effective in producing progeny compared with elongating or 
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elongated spermatids, the mechanism(s) underlying such differences remain largely unknown. To clarify this issue, we examined the in vitro development of oocytes injected with round spermatids. As shown in Table 3 , approximately 80% and 50% of oocytes injected with round spermatids developed to the morula/blastocyst and blastocyst stages at Embryonic Days 3.5 and 4.5, respectively, the frequencies of which were similar to those of oocytes receiving elongating or elongated spermatids. Thus, oocytes injected with round spermatids can reach the blastocyst stages, even if their in vivo development would be less effective.
To examine the possibility of whether the abnormalities associated with low birthrate were retained in the blastocysts, we examined the cell numbers of blastocysts and the expression pattern of markers for TE (CDX2) and ICM (POU5F1). As shown in Table 4 , the total cell numbers of blastocysts showed no difference among the different types of haploid male germ cells used. Immunostaining for CDX2 also demonstrated that all blastocysts examined expressed a marker for TE cells (Fig. 4, A' '-C''), suggesting that remarkable abnormalities, such as the loss of CDX2 in the TE lineage, did not occur, even in blastocysts derived from round spermatids. The cell numbers of CDX2-positive cells and the estimated ICM cells were similar in the blastocysts examined, suggesting that no delay occurred in preimplantation development. Furthermore, expression of POU5F1 was found in almost all blastocysts derived from round spermatids (13 of 14), confirming that the specification of the ICM lineage took place in these blastocysts (Fig. 4, D-D'' ). Together, although the ROSI embryos showed a low birthrate of progeny, no obvious abnormalities, including cell numbers and the specification of TE and ICM, were found during in vitro development to the blastocyst stage.
DISCUSSION
In the present study, we assessed the functional ability of haploid male germ cells by selectively injecting them into oocytes. The transillumination technique using acrosin-GFP transgenic mice enabled the isolation and injection of specific steps of haploid male germ cells in the living state (Fig. 2) . Our results indicated that early (steps 2-3) and late (steps 7-8) spermatids showed the same ability in producing progeny ( Table 1 ), indicating that the nuclear potential as male gametes was apparently not different in these haploid germ cells. The increased birthrate of progeny was first observed in steps 9-10 of spermatids, in which they undergo nuclear elongation (Table  2) , suggesting a functional difference from round spermatids. To our knowledge, this is the first report to assess the functional ability of haploid male germ cells precisely isolated at various differentiation stages.
Round spermatid injection was first described in a mouse study by Ogura et al. [5] , and then subsequently demonstrated in several species (for a review, see Ogura et al. [4] ). The birth of progeny from ROSI embryos indicated that round spermatids had a normal haploid set of paternal chromosomes, similar to that of mature sperm. However, ROSI embryos generally showed lower birthrates of progeny [4] , and the cause was unknown. In mice, round spermatids can be classified into eight steps based on their acrosome morphology, suggesting functional differences between early and late round spermatids. Miki et al. [27] reported recently that oocytes receiving round spermatids prepared from 17-day-old testis, at which time round spermatids first appear in mice, showed lower birthrates of progeny than those prepared from older testes. Thus, functional differences in round spermatids have been suggested both theoretically and experimentally; however, one difficulty encountered in this kind of analysis was the identification of the specific steps of round spermatids under microinsemination, as suggested by Miki et al. [27] . To overcome this difficulty, we employed the transillumination technique with acrosin-GFP transgenic mice; the technique is effective in preparing a testicular cell suspension containing specific steps of round spermatids, and acrosin-GFP is used for distinguishing round spermatids from somatic or other male germ cells during microinsemination. Thus, our results showed that the early (steps 2-3) and late (steps 7-8) round spermatids had the same functional ability as male gametes; that is, the low birthrate of ROSI embryos was apparently not caused by their differentiation status.
Several key genes associated with spermiation have been identified. In the round spermatid stages, H1FNT (also known as HANP1/H1T2, a haploid cell-specific histone H1) is expressed from step 4 or 5 to step 14 of round spermatids [28, 29] . Homozygous mutant H1fnt mice showed delayed nuclear condensation and aberrant elongation during spermiogenesis [28, 29] . A recent study revealed that the later steps of round spermatids had chromatin polarity, indicated by H1FNT localization [30] . Thus, the chromatin status of round spermatids was suggested to be different between early and late round spermatids. Note that our present study indicated 514 that early (steps 2-3) and late (steps 7-8) round spermatids had the same function in terms of producing progeny, suggesting that chromatin polarity or H1FNT expression in round spermatids is not associated with normal development after ROSI. An increased birthrate was first observed with the use of elongating spermatids, indicating that the nuclear potential as male gametes changed between steps 7-8 and steps 9-10 of spermatids. During the elongation phase, histones are replaced by transition nuclear proteins (TNP1 and TNP2), which are subsequently replaced by protamine 1 (PRM1) and protamine 2 (PRM2; for a review, see Sassone-Corsi [2] ). Both the TNPs and PRMs are known to be important for the formation of nuclear shape (e.g., mutant mice for TNPs [31, 32] or PRMs [33] showed male [sub]infertility caused by a defect of chromatin condensation). Immunostaining studies have shown that TNPs first weakly appear in steps 10 and 11 for TNP2 [34] and TNP1 [35] , respectively, and both appear strongly at around step 13. PRM1 and PRM2 were first detected in steps 10 and 12, respectively, and then persisted throughout the rest of spermiogenesis [36] . Thus, the majority of important proteins for chromatin condensation are still absent or weakly expressed at steps 9-10 in elongating spermatids. The discrepancy between the expression patterns of TNPs and PRMs and the function of elongating spermatids suggests at least two possibilities: the first is the existence of other factor(s) associated with nuclear condensation during steps 9-10 of round spermatids, and another is the presence of weakly expressed TNPs positively affecting the function of steps 9-10 spermatids in producing progeny.
Our results showed that early and late round spermatids had the same function as male gametes, indicating that the low birthrate of ROSI embryos was not caused by their differentiation status (Table 1) . Because the majority of chromatin in early round spermatids consisted of somatic histones, chromatin condensation may not be a key factor for functional male gametes. However, previous studies have demonstrated that chromatin condensation in sperm is a prerequisite for the Our results regarding the association between birthrates and paternal DNA methylation patterns may suggest new factor(s) in normal development. As shown in Table 1 , increased birthrate using spermatids of each step was observed in two phases: the first was the round to elongating spermatids, and the second was the elongating to elongated spermatids. Immunostaining for DNA methylation revealed that the paternal pronuclear pattern derived from round and elongating spermatids had a similar DNA methylation pattern within oocytes (Fig. 3) , suggesting that the increased birthrate observed from round to elongating spermatids was independent of DNA methylation. The increased birthrate of progeny from elongating and elongated spermatids, however, may be associated with DNA methylation, because we observed different paternal DNA methylation between elongating and elongated spermatids (Fig. 3) . Thus, the increased birthrate, independent of DNA methylation, suggests the presence of other mechanism(s) associated with normal development. Analysis of other epigenetic modifications, such as histone modifications, may be interesting for understanding the mechanisms underlying the difference between round and elongating spermatids.
In this study, we found normal expression of markers for TE (CDX2) and ICM (POU5F1) in ROSI blastocysts (Fig. 4) , even if they showed different paternal DNA methylation at the pronuclear stage. This observation indicates that the epigenetic abnormality (or abnormalities) found in ROSI embryos is not associated with the expression of POU5F1 or CDX2. Another model, the somatic cloned embryo, also showed a low birthrate of progeny, probably caused by many epigenetic errors (for a review, see Wakayama [38] ). Moreover, the cloned embryos showed aberrant or loss of expression of POU5F1 [39] , suggesting that the mechanism(s) underlying the low birthrates between ROSI and cloned embryos are caused by different factor(s). Investigation of the postnatal development of ROSI progeny may be interesting, because cloned embryos showed other abnormalities, such as obesity [40] and early death [41] .
Although we succeeded in demonstrating that the abnormality (or abnormalities) in ROSI embryos was not associated with the differentiation status of round spermatids, the mechanism(s) of developmental failure remain unclear. A possible mechanism of developmental failure may be predicted from the results of embryo transfer experiments. As shown in Table 1 , two phases of developmental failure appear to exist: the first is implantation failure, suggested by the total number of implantations, and the second is developmental failure after implantation, suggested by the number of normal progeny to the total implantation number. Thus, the developmental failure of ROSI embryos occurred before and after implantation, suggesting that ROSI embryos may harbor multiple abnormalities. Analysis of ROSI embryos at early developmental stages may provide new insights for the developmental failure occurring in ROSI embryos.
Furthermore, our study may illustrate a potential risk of using elongating spermatids in human infertility treatments. As shown in Figure 3 , the DNA methylation pattern of paternal pronuclei from elongating spermatids was different from that of elongated spermatids. Although we could not detect any abnormality in the newborn progeny derived from elongating spermatids (Table 2) , we cannot rule it out, and it may be become apparent later in development. Long-term follow-up 516 studies of the progeny will be needed to determine the safety of using elongating spermatids in human infertility treatments.
